ISA TRANSACTIONS: 6 1263-267) i967

Gomparator for Galibration
of Inductive Voltage
Dividers from 1 to 10 KHz*
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P A high-accuracy comparator is described for measuring the relative deviations in
voliage ratios and phase angles of inductive voltage dividers. The new technique over-
comes several inherent limitations of the existing comparison methods. The balance is
accomplished by utilizing special shielded transformers and a resistance—capacitance
network for in-phase and quadrature voltage injections. The measurements are accurate
to within 1 x 107 of input in the frequency range from 1 to 10 KHz. Resolution is

better than 2 x 100,

INTRODULCTION

T INbUCTIVE voltage divider, since its first appearance
about 15 yr ago, has proved to be an increasingly val-
uable tool in the field ol accurate electrical measurements
as its striking characteristics become more widely known.

The development of material of extremely high mag-
netic permeability has made possible the construction
of inductive voltage dividers with excellent stability and
with deviations in ratio and phase angle of less than
5 x 10=7 of input.' The accurate initial establishment
of the voltage ratio and phuase angle has been presented
elsewhere and will not be repeated here.?’ These known
voltage ratios and phase angles are preserved in the
calibrated inductive voltage divider so that they may be
used as a reference and reestablished again by a satisfac-
tory comparison circuit without significant degradation
in accuracy.

At the National Bureau of Standards, a new com-
parison method, based on suggestions by Robert D.
Cutkosky, has been developed for relative ratio and phase
angle measurements from 1 to 10 KHz to an accuracy of
better than one part in 107. This technigue, which
appears worthy of general use in standardizing labora-
tories, overcomes several inherent limitations of the
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existing comparison methods: (1) the dividers are
treated as four-terminal networks as they were designed
to be operated ; (2) the test circuit imposes a negligible
burden on either the reference or the test divider: and
{3) it is not necessary to use lower dials of cither divider
for in-phase voltage balancing

DESCRIPTION OF CIRCUIT

This technique uses a double toroidal transformer, one
transformer for null detection and the other for injection
of differential voltages. Figure 1a shows the complete
schematic circuit diagram simplified by omission of the
shielding arrangements. D, and D, represent the
reference and test dividers whose voltage ratios and
phase angles are being compared. Their input and
output terminals are connected together with short
coaxial leads. The lead impedance between the input
terminal of each divider and its junction point with the
supply voltage should be very small and nearly equal.
The detector circuit consists of a tuned null indicator and
a specially constructed shielded transformer, T;, to
match the impedances and to isolate the detector from
the measuring circuit. The parallel pair of inductive
voltage dividers, Dy and D,, inject through the R-C
network (shown in Figure 1b) and transformer, T3,
in-phase and quadrature balance voltages into the lead
connecting the output terminals of the dividers, D, and

ISA Transactions - Vol. 6, No. 4 263



COAXIAL

9 torms ?{CHOKE

[+ D

! 75\ 2
i 1
I turn lturn

Il D] T3 9 Tg d2
3 turns
DETECTOR
@
—

9 turas

Figure Ta. Schematic circuit diagram.

D,. Transformer T, is also specially constructed with
an accurate /1 voltage ratio. The midpoint of the
secondary winding is grounded so that both polarities of
the injection voltages can be obtained from the outputs
of Dy and D, without the necessity of altering the circuit.

In order to realize an accuracy of better than one part
in 107, coaxial chokes are required in the circuit to
reduce the small but troublecsome loop and ground
currents to a minimum.** Each coaxial choke consists
of an appropriate number of turns of a coaxial cable
threaded through a high-permeability core as indicated
in Figure la.

Figures 2, 3, and 4 show thc comparator and the
circuit arrangement.

THEORETICAL RELATIONS

By definition, the voltage ratio of a divider is the ratio
of the secondary or output terminal voltage, ¥,,,, to the
primary or input terminal voltage, ¥, which can be
expressed as

v,
2= d 4 oad + jpd

Figure 1b. R—C network.
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Figure 2. External view of comparator.

where d s the nominal ratio or setting of the dials. The
term xd is the in-phase deviation, and fd is the quad-
raturc deviation. Doth arc capressed in parts per million
(ppm) of input.

The equations for the relative in-phase devmnon and
quadrature deviation measurcments can be derived from
Figure 1b as [ollows:

Va=I4R, + V;
Vo= —IciXe + V)

R,Z

Vi={lc+ IR)kg ~ =~ Ue + 2R,
where Z is the impedance of transformer 75. Since in the
circuit described here Z » R, the above approximation
is justified. ¥ and ¥, are the voltages between the output
terminals of D, and D, and ground.

By solving for {5 and I {rom the first two cquations
and substituling in the third,

VeR 2 + VXMl + Ry/Ry)
+ X RVl + Ry /R,) — Ve]
12+ XA + R,/R,P2
If r represents the turns ratio of Ty, then the voltage
injected between output terminals of D, and D, is equal

to V3fr. However, ¥, and V; also can be expressed as
decimal fractions of the supply voltage or by dial

Vy =

Figure 3. internal view of comparator.



Figaure 4. Circuit arrangement.

settings of Dy and D, as d. and dy, respectively, and
Viasd;.

Again from Figure la, when the detector indicates a
null,

d
il 4o + ) = Al + oy + ) = 22

where d, and d, are the equal dial settings on the dividers
D, and D,, at the point being compared. The terms o« and
f# are expressed in parts per million of dial setting 4.
By substituting the expression for d3 in the previous
cquation and scparating real and j terms,

deR(2 + dg XA + Ry/R,)
rdi[R? + X1 + Ry/R,)] »

Ry Xeldell + R{/R;) — dg]

rdl[RII + XCZ(] + Rl/Rz)z]

If Xc = Ry and R, » R;, then the equations for the
relative deviations can be approximated as

2 ¥ =

!;2 - ,81 =

(IR
diloy —~ o) 2 - v
1( 2 : I) i'(R,/RZ)
L ARy
di(ff — 1)
1472 X(-_»

DESCRIPTION OF COMPONENTS

T, T2, and Ty are specially constructed shielded
transformers using high magnetic permeability toroidal
cores to ensure close magnetic coupling and to conserve
space in the circuit. The shields minimize the magnetic
pickup from stray fields in the laboratory.

Figure 5 shows the schematic circuit of 7} . It consists
of a toroidal core, an inner primary winding, an electro-

static shield, an outer secondary winding, and an overall
Mu-metal case. Each winding is wound on the core in a
single, equally distributed Jayer from 0° to 360°, and the
wire is brought from 360° back to 0° or the point of
origin. Thus, no loop s formed, and susceptibility to
stray magnetic pickup is greatly reduced. (This same
technique is used for winding T, and Ty.) The midpoint
of the secondary winding is grounded. The size of the
core and number of turns for 1to 5 KHzand 5to 10 KHz
operations at 100-V input are also indicated in Figure 5.

Figurc 6 shows the details of construction of T, and
Ty transformers as a single unit. T; and T; are identical
and interchangeable. Each consists of a toroidal core and
a 100-turn primary winding. The shielding arrangements
are such that the cross capacitances at the gaps are
reduced to a minimum.'*® The sccondary winding con-
sists of a single conductor connected between the out-
puts of the test dividers. The capacitance between this
conductor and the shicld is less than 4 pF. Therefore, it
tmposes no significant burden on cither divider.,

The inductive voltage dividers, D; and D,, are com-
mercially available usits. Each consists of three decades
and a continuously adjustable resistive divider. Their
small voltage ratio and phase-angle deviations were
determined and found to be negligible, because the
injection voltage, ¥;, rarcly exceeds 0.002 Y of the input
voltage.

C is a three-terminal capacilor having a very small
dissipation factor. R; and. R, are three-terminal
decade resistors of very small residual reactance. For
1-KHz calibrations, C is generally set to equal 15.92 nF,

= 10K, and R, = 104 (For 10-KHz calibrations,
air capacitors of 1592 pF are used.} Thus, one step on
the top decade of D; and D, represents a difference of
I ppm in in-phase or quadrature deviation.

The detector circuit consists of a preamplifier and a
cathode-ray oscillograph. A narrow band-pass filter is

100 turns {S-10 kHz}
primary { 5, s (30 knz

50-50 turns {5~10 kH2
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Figure 5. Shielded transformar.
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Figure 6. Injector—detector transformers.

used to discriminate against any noise before the first
stage of amplification. A double elliptical pattern,
suggested by Clothier, is shown on the cathode-ray
oscillograph to indicate balance condition. The un-
balance voltage from the comparison circuit is impressed
on the vertical plates. On the horizontal plates is a
signal of the same (requency whose phase can be ad-
justed so that angular departure of the major axis of the

elliptical pattern represents in-phase unbalance and
opening of the minor axis quadrature unbalance. At
balance the figure appears to be a single line.®-> ™ The
resofution is such that an unbalance voltage of 0.1 nV
1 easily observed.

RESULTS

Table 1 lists the in-phase deviations, 4,a; and d,x;,,
and quadrature deviations, ¢, 8, and 4,8}, of two in-
ductive voltage dividers at {0 KHz and with an input of
50 V rms. These valucs of dx and dff for each divider were
measured with this circuit using a third divider as a
reference. Relative deviations were calculated (rom these
results and listed in the table as “computed™ d {2, — «,)
and d,(8, — B,) for comparison with those determined
by a direct comparison of the two test dividers. The
latter are listed as ‘“‘measurcd™ d,{2, — 2,) and
B — B

The computed and measured results listed in the table
agreed to 0.02 ppm for d(a; — a;) and to 0.1 ppm for
d(fla — ).

The voltage ratio is defined by the equation

Vo
SN =1+ a + jf)

TABLE |
In-Phase and Quadrature Deviations of Two Inductive Voltage Dividers

Parts per million of mput

Parts per million of input

266

Computed  Measured Computed  Mecasured
4, dyay ety diley; —21)  dile, ~ o)) d: 8 daff dilfiz — B0y diifiy — B

0x +0Q.45 +0.16 +0.01 +0.01 —-04 —-0.3 +0.1 0.0
09 +1.27 —-0.23 ~1.50 —1.51 —-0.4 -0.3 +0.1 +0.1

0] +1.22 —0.31 —1.53 -1.53 -0.3 0.0 +0.3 +03
0.7 +2.21 ~.33 —-2.54 —~2.53 +0.1 0.0 -0l -02

0.6 +1.90 —-042 —-2-32 —2:32 -0 —-0.2 ~0.1 —-0.2
0.5 +1.63 —-0.27 -1.90 —-190 0.0 —-04 -04 —0.4
0.4 +1.17 +0.03 -113 —1.14 ~0.1 -04 ~{.3 -03
0.3 +0.41 0.00 -0.41 —0.42 —04 ~0.5 -0 —-0.2

6.2 +0.34 0.00 ~0.34 -~0.36 —0.3 ~{.6 —03 -03
0.1 +0.11 +0,04 -0.07 —0.08 —-03 =05 —-0.2 -02
00X —1.03 +0.24 +1.24 +1.25 —-02 -0.4 -0.2 -02
[Ho —0.96 +0.18 +1.14 +1.16 —0.2 —0.4 —-02 -02
0.08 —059 +0.15 +1.14 +1.15 -03 —-0.4 =01 —-0.1

0.07 —0.88 +0.12 +1.00 +1.01 —-0.2 —-03 -0.1 —-0.1

0.06 —~0.96 —-0.16 +0.80 +0.81 —-04 —04 1.0 —-0.1

0.05 -0.70 -0.01 +0.69 +0.71 —0.3 -0.3 0.0 0.0
004 —043 -2l +0.233 +(22 —02 -d -0.2 —0.2
0.03 -0.09 —{.01 +0.08 +0.08 -0.1 -0.2 ~0.1 -0.1

0.02 +0-02 +00] —-001 ~041 00 -0.1 ~0.1 -0.1

0.01 -0.01 0.00 +0.01 +0.01 -0.1 ~0.1 0.0 0.0
0.00X -0.01 0.0 +0.01 +0.01 -0t ~0.1 00 0.0
0.009 —0.01 -0.01 0.00 0.00 —0.1 -0l 0.0 0.0
0.008 +0.0! 0.00 —-0.01 ~0.01 —0.1 -0 0.0 00
0.007 +0.03 0.00 —-0.03 -0.02 -0.1 -0 0.0 00
0.006 +0.04 +0.01 -0.03 ~-0.03 -0.1 —-0.1 0.0 0.0
0.005 +0.05 +0.01 —0.04 -0.04 -0.1 -0.1 0.0 0.0
0.004 +0.06 +0.01 —0.05 -0.05 -0l ~0.1 00 0.0
0.003 +0.07 +0.01 —0.06 ~0.06 -0.1 —0.1 00 0.0
0.002 +0.09 +0.02 —-Q.07 —-0.07 ~ 0.1 -0l 0.0 0.0
0.001 +0.10 +0.02 —0.08 —-0.08 —0.1 -0.1 0.0 0.0
0.000Xx +0.11 +002 —-0.09 -0.09 —-0.1 ~0.1 00 0.0
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and phase anglé by

tan 0 =
l + o

CONCLUSIONS

A high-accuracy comparator has been developed for
measuring the rclative deviation in voltage ratio and
phase angle of inductive voltage dividers from 1 to
10 KHz. An overall accuracy of better than onc part in
107 is achieved.

The new technique overcomes scveral inherent limita-
tions of the existing comparison methods and has a
broader frequency range. It requires only a few pieces of
special equipment, and these are easy to construct. This
circuitry appears worthy of general use in standardizing
laboratories.
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